stereovision systems and used to simultaneously capture both the global response of the sheet and the local response near a notch tip. Global areas, ranging in size from 250x250 mm to 550X550 mm, were imaged for each panel. A second stereovison system recorded images of a small area, 10x20 mm, ahead of one notch tip. Postprocessing of the stereovision measurement data from global and local systems using three· dimensional digital image correlation was used to obtain the complete displacement field at each point in the region of interest. In general, results demonstrate that the combination of stereovision and threedimensional digital image correlation is capable of accurately measuring true, three-dimensional structural deformations in regions undergoing both large out-of-plane displacements and large displacement gradients. Furthennore, 3-0 measurements on the panel specimen near the grip location are shown to provide an independent assessment of the true boundary conditions, with specimen slippage clear1y noted in the 1016-mm specimen. Results from the extensive notched, wide panel experimental program demonstrate that (a) each panel has an initial shape that deviates up to 3 mm from planarity, with the greatest devia· tions occurring at the center of the notch, (b) the global load· displacement response is essentially linear for load levels that are well beyond the onset of large, out-of-plane displacements in the notch region, and (c) increasing the size of the notched, thin panel specimen results in distinctly different suriace defonnations and defonned shapes, with three separate maxima/minima in the out-of-plane component of the largest panel. The region where tensile opening strains are above 2% extends several millimeters ahead of the hole, while compressive strains parallel to the notch direction are contained within a few millimeters of the hole. The in-plane shear strains are concentrated along circular lobes at +1-45 deg from the horizontal direction, a trend which is generally consistent with plane stress conditions. Subject terms: center-notched wide aluminum panels; tensile loading; stereovision systems; 3-0 digital image oorrelation; full-field displacement and strain measurements.
Paper MET-01 received Aug. 17, 2002 ; revised manuscript received Nov. 15, 2002 ; accepted for publication Nov. 15, 2002. In the early 1990s, the United States launched a national research program directed toward identifying and understanding the fundamental issues in the aging of our aerospace systems. National agencies such as the National Aeronautics and Space Administration (NASA), the Federal Aviation Administration (FAA), and the United States Air Force (USAF) were directed to assist in the overall effort NASA Langley, Wright Patterson Air Force Base (WPAFB), and the newly formed FAA Research Center staffed and operated research programs to develop both the experimental and analytical tools necessary for characterizing and predicting how aging affects the response of aerospace structures.
Over the past decade, a wide range of ex~rimental methods have been developed to monitor aerospace struc- 4 demonstrated the ability of the STAGS finite element code to predict the measured load-crack extension response of constrained 1016-nun-wide, center-cracked panels (when buckling was prevented). However, when the same analysis was performed for unconstrained panels, the difference between the finite element predictions and experimental results nearly doubled.
Because behavior similar to that observed by Foreman has been shown to be present during the failure of airframe components, 5 resulting in complex crack tip conditions for unconstrained fracture surfaces, 4, 6 both experimental measurements (Part I) and computational studies (Part II) of the unconstrained response of M(D panels prior to crack growth have been performed. In Part I, the emphasis is on full-field, 3-D deformation measurements in thin, wide, notched panels. Notches are used so that the experimental results can be directly compared to computational model predictions prior to observable crack initiation.
Since initial laboratory studies had been done to demonstrate the potential of computer vision systems 7 - 9 the authors developed a robust. novel 3-D digital image correlation methodology 10 capable of acquiring stereovision images and analyzing the images to determine the threedimensional deformations in large panels while automatically including the effects of perspective distortion.
• 12
The technique has been used for the characterization of crack growth in aluminum panels subjected to tension-torsion loadings, 13 • 14 which have both large out-of-plane displacements and large in-plane strains. To better understand how far-field loadings affect local behavior, a global-local system was employed to simultaneously measure deformations in large areas and selected small areas near flaws or discon- In the work presented here, we will report on the experimental investigations that have been completed for a series of tensile tests on wide, M(T), center notched tensile specimens. It is emphasized that notched panels were used to focus attention on the relationship between measurements and modeling predictions during large-scale deformations and displacements, but prior to the added complexities of stable crack growth. In Sec. 2, the wide panel geometry and loading process are described. In Sec. 3, the computer vision setup for acquiring three-dimensional measurements on both the global and local scale is described. In Sec. 4 , the 3-D measurement process is discussed and the data transformation required for conversion to a specimen-based coordinate system is outlined. In Sec. ; and a notch-length-to-specimen-width of a/w=0.33 for all panels, were used in this experimental program. All specimens were machined in the LT orientation; the rolling direction of the material is perpendicular to the direction of the central notch. To eliminate stable crack growth, the central notch in the panel was terminated in a pair of 4. 76-mm-diam holes; both holes and notch were machined into the panels by wire EDM. All experiments were performed at the structural test facility in Building 1205 at the NASA Langley Research Center in Hampton. Virginia. Tension loading was applied to each specimen through large steel grips clamped to the ends of the specimen. Figure 2 shows the tensile grip details. The holes machined in the gripping region of the specimen were approximately 1.6 mm. larger in diameter than the 27-mm bolts used to fasten the specimen into the tensile grips. In addition to oversized specimen holes, a thin piece of flexible plastic sheet, approximately I mm thick, was placed between the specimen surface and the grips to produce a more uniform clamping condition within the grips. The grip bolts were tightened in a predetermined alternating sequence, with an impact wrench used to complete the bolt-up process.
All tests were run under displacement control on either a 448-kN (305-mm panel) or a 1.3-MN (610-and 1016-mm panels) servo-hydraulic test frame. Figure 3 0.25 nun per min (610-and 1016-mm panels). At periodic intervals, the loading was interrupted to allow image data to be acquired. In addition to image data, load and displacement data from the test stand were monitored and recorded every five seconds throughout the loading process.
Stereovision Measurement Systems
In this section, details will be presented regarding (a) the arrangement of the global and local 3-D computer vision systems, (b) the 3-0 vision model and calibration procedures, (c) the image correlation process for measuring 3-D surface deformations, and (d) specific issues that arose with the global measurements.
Experimental Arrangement of 3-D Systems
Since each panel required a different computer vision setup, Table 1 system, shown on the right side of Fig. 3 , was stationary throughout the loading process. The local imaging system, shown in Fig. 4 , was mounted on an additional translation stage so it could be moved to track the location of the hole at the end of the notch with images acquired both prior to loading and then at designated load levels.
As noted in Table 1 , the cameras have direct analog-todigital conversion within the camera, reducing system noise and eliminating uncertainty in the pixel location that is introduced when an analog camera signal is digitized in the computer. The local system uses a high-quality, 100-mmfocal-length Canon lens with 2X extenders to achieve the magnification required for the experiments.
It is noted that the global imaging setup for the 610-and 1016-mm panel experiments was performed with the camera rotated 90 deg (see Fig. 3 ) and mounted vertically so that the maximum imaging resolution corresponded with the largest object distance to be imaged. Because the support columns of the 1.3-MN test machine interfered with the ability to view the surface of the panel with the cameras ' Helm, Sutton, and McNeMI: Deformations in wide, center-notched, thin panels ... S1andard deViation 10 ""' 60 ""' fo<:>-D measurements Peak-to-peak variations In 3-0 zso #'ft'l ±200#1-m measurements system perpendicular to the panel, the entire camera system was rotated so the panel is viewed from -10 deg off-axis, as shown in Fig. 3 .
For calibration of the global and local measurement systems, each camera was mounted on a translation stage that provided movement along the optical axis. Each 3-D system had its own computer for controlling the cameras, acquiring and storing the image data, and controlling the movement of all translation stages. 
lmagng Model and CaObration Process
Because the background development for the use of stereovision systems in 3-D measurements has been presented in previous publications,7-l2.t 6 -18 only a brief overview of the imaging model and the camera calibration process will be presented.
As in previous work, the camera and lens system are modeled as a pinhole device with a correction term to account for lens distortion. The required parameters for this imaging model include five intrinsic parameters [e.g., pinhole distance (phd), image center (Cx ,C,), aspect ratio, ;\, and a distortion coefficient, ,t-n.n] and six extrinsic parameters including the angular location variables (a, /3, y) and the position of the origin
The calibration process determines the eleven parameters that describe the position and orientation of the cam· eras and their operating characteristics. To determine the eleven parameters noted above, there are several "calibration procedures" that have been developed. In this work, the calibration process is performed independently for each camera by imaging a series of images for a 10 by 10 calibration grid with known spacing. Following the procedures outlined by Helm, 10 a grid is placed in the general vicinity where experimental data will be acquired and an initial image acquired by both cameras in a 3-D imaging system. Each camera is then moved perpendicular to its sensor plane and a second pair of images acquired.
Using the known spacing of the grid, the previously measured aspect ratio of the camera, the known movement of the camera, and the location of the grid intersections (as extracted from the calibration images), a nonlinear optimization process is used to obtain the ten remaining camera parameters that provide the best estimate for the known grid spacing. Because the position of each camera is measured with respect to the same grid, the relative positions of the cameras are known after camera calibration is completed. It is worth noting that two different grids were used to calibrate the global and local camera systems, a large one with a grid spacing of 19.05 mm and a smaller one with a grid spacing of 0.5 mm, respectively.
Three-dimensional Measurement Process
Surface displacements are determined by correlating images acquired from each camera before and after defonnation. By locating common areas in all images of the object using image correlation, and knowing the camera parameters, the system measures both the initial shape of the object (profiling) and the true, full-field, three-dimensional displacements of the object To perform the image correlation process for threedimensional measurements, the surface is required to have a characteristic pattern visible to all stereovision system cameras. A random pattern is typically used for this purpose, as it is usually easy to create. Techniques to apply the pattern include photolitho~y, 19 overspray of spray ~t ami/or spattering of paint, direct xeroxing of pattem, 21 • 22 sprinldinf and melting to adhere toner powder onto surface, 2 and bonding of printed vinyl} 5 The technique used is mostly dependent on the scale of the area to be measured. However, other measurement requirements (e.g., the specimen material) may affect the choice of pattern application procedure. This work used the printed vinyl for the far-field measurements and an overspray of black spray paint onto a white base coating of enamel spray paint for the local measurements. The back-projection method developed by Helm et al. 10 and shown schematically in Fig. 5 is used to locate the spatial position of a specific image subset. By assuming that a planar patch can describe a small object region, an initial 3-D position and orientation for the planar region are established through an interactive first-guess generator.
Since the operating characteristics of each camera are known, the gray levels of a subset in camera 0 can be mathematically projected onto the candidate plane, creating a virtual gray-level pattern in space. The positions of the virtual gray-level pattern are then projected into camera 1, identifying a second gray-level pattern on the sensor plane. By optimizing the candidate plane parameters to minimize the nonlinear cross-correlation error function between the two gray-level patterns, the projection of the center of the subset onto the candidate plane describes the location in space of the center of the subset. Since this process can be performed for the undeformed object and then repeated to locate the same regions after deformation, both the initial surface 'shape of the object and the 3-D displacements for all object points that are imaged in both cameras will be measured. The estimates for 3-D measurement errors given in Table 1 are based on both (a) the calibration procedure in Sec. 3.2 and (b) the backprojection process noted above.
Finally, it is noted that the components of the initial 3-D data obtained using image correlation are given in a coor· dinate system that is defined in a nonphysical system centered at the pinhole of camera 0, To compare the experimental results with finite element predictions, the image It is noted that the line of data near the grip location is used to define the X-axis since the sheet was rigidly clamped in this region and provided a well-defined horizon. tal reference line for future data comparisons.
Displacement and Shape Measurements
To obtain three-dimensional surface data, images were obtained with the global and local 3-D systems. All images were analyzed using software, designated VIC-3D, that incorporates the concepts outlined in Sees. 32 and 3. determine (a) the initial shape, (b) the full-field, threedimensional surface displacements for large areas of the panels, and (c) selected lines of displacement data that were extracted from the global data fields for later comparison with finite element predictions. Local 3-D measurements were obtained throughout the area indicated in Table l , centered on the termination drill hole. As shown in Fig. 6 , global 3-D measurements were obtained in slightly smaller areas than indicated in Table 1 .
Global surface displacements were measured at approxi-mately 5,800 points from each pair of images using a subset size of 33X33 pixels. Local data was obtained at approximately 23,000 points also using a subset size of 33 X 33 pixels. Approximate in-plane magnification factors for each panel with the global measurement system were 0.36 mrnlpixel (305-mm. panel), 0.71 mm/pixel (610-mm panel), and 0.91 mmlpixel (1016-mm. panel). The approximate inplane magnification factor for all panels using the local measurement system was 0.025 mm/pixel.
Image analysis was performed on the image data for each panel foc P~o, P .,.,!4, P.,./2. 3P .,.,/4, 7 P..,.lll, and P max, where P max is the load just before catastrophic fracture of a panel. Figure 7 shows the measured profiles for all three panels.
Initial Profile Measurements
The data clearly show that the panels vary by up to +1-3mm. in shape, with the 1016-mm. panel having the most severe initial imperfections. The initial profile data indicates that all panels were flattened along the length of the grip, indicating that the bolt-up process was successful in this regard. However, the data also show that, near the grip, the 1016-mm panel exhibited significant gradients normal to the grip line due to the bolt-up process.
Also, the data show that (a) the 305-mm panel has a saddle shape, (b) the 610-mm panel has a rounded shape with the same sign in curvature in both the X and Y directions, and (c) the 1016-mm panel has a significant local gradient near the centerline of the notch. Figure 8 presents the load-displacement data for all panel experiments. For each panel and all loads, the global 3-D system was used to determine the panel displacement at one point that was located on the panel just above the grip and near the specimen centerline throughout the loading process for comparison to available grip transducer measurements.
Panel Experiments and 3-0 Displacement Measurements
In the next three sections, global 3-D system measurements will be presented for each panel at three load levels that are representative of the deformation evolution process within each panel. In each case, the following terminology is employed to define the displacement components. The U displacement component is in the X direction and parallel to the notch length and/or perpendicular to loading direction. The V-displacement component is in the Y direction, which is perpendicular to the notch length and/or in the direction of the applied loading. The W -displacement is in the Z direction, which is perpendicular to the X and Y axes and along the through-thickness direction. Here + W is toward the 3-D system (e.g., see Fig. 3 ).
In the last section, surface strain results around the termination hole, obtained using the local 3-D displacement data, will be presented for all three panels at the maximum loading.
Global 3-D displacement fields
Full-field, three-dimensional measurements for all panels are presented in this section. In the figures, the gray-scale levels for each component of displacement are the same for all three panel s.izes, however, the spacing of the contour lines, while consistent for any individual panel, was adjusted for each panel to best illustrate the underlying global field.
Global 3-0 displacement fields tor 305-mm panel.
Full-field, three-dimensional displacement measurements for the 305-mm panel are presented in Fig. 9 for loads of 29, 58, and 116 kN, respectively. The U and V fields have contour lines indicating a change of 0.1 mm and the W-displacement field has 0.25-mm contours.
Global
panel. surements for the 6l()..nun panel are presented in Fig. 10 for loads of 45, 89, and 178 kN, respectively. The U and V fields have contour lines indicating a change of 0.1 nun and the W-displacement field has 0.50·mm contours.
3-D displacement fields for 61D-mm

Global 3-D displacement fields for 1016-mm panel.
Full-field, three-dimensional displacement measurements for the 1016-nun panel are presented in Fig. 11 for loads of 59, 120, and 236 kN, respectively. The U and V fields have contour lines indicating a change of 0.1 nun and the W-displacement field has 0.5().mm contours. data points). Second, the data were transfonned to a coordinate system aligned with the notch direction and with the X-Y plane aligned with the initial profile of the area. Third, points on the surface were selected for the strain measure· ments. Fourth, data within a 1.6-mm radius of a measurement point were selected. Fifth, a third-order surface was fitted to the data for each of the displacement fields. Sixth, differentiation of the surface fit was used to obtain the displacement gradients at the center of the area (the measure· ment point). Seventh, the strains were then calculated from the displacement gradients using a Lagrangian large strain formulation that includes the effects of local rotations. Fi· nally, the procedure is repeated for the remaining measure· ment locations to obtain full-field strains in the region of interest. (c) 178kN 
Local
U displacement (mm) V displacement (mm) W displacement (mm) !u(
Discussion of Results
Figures 9-11 clearly shows that the global 3-D measurement system is capable of measuring true, threedimensional structural deformations, both in regions having large out-of-plane displacements (-3 nun~ w~ 19 nun in 1016-mm panel) and also in regions where the in-plane defonnations are dominant. Furthermore, in regions of rapid change in one or more of the displacement components [e.g., see Figs. 9(c), to( c), and lt(c)] , the experimental data demonstrate that the measurement system is capable of resolving the large displacement gradients while simultaneously determining the remaining displacement component(s).
With regard to the large panel experiments, there are several points to note. First, as shown in Fig. 7 , the 3-D measurements clearly show that each panel had an initial shape that deviated up to 3 mm from planarity, with local gradients occurring near the notch for the largest panel. Since such deviations may have a significant effect on analytical predictions, the global 3-D measurement of surface shape provides critical component geometry information for model development. It is worth noting that the measured deviations were simply not observable during visual examination of the as-installed panel, primarily due the fact 9-11 indicates that increasing the size of the specimen results in distinctly different surface deformations in the thin sheet. For example, the 305-mm panel had a maximum out-of-plane displacement at the specimen centerline, decreasing monotonically with distance along the X direction. In contrast, the 610-mm panel deformed so that it had an out-of-plane maximum at the centerline and minima at X/ws=:±:0.50 before increasing beyond the minima monotonically to the edge of the panel. Also, the 1016--mm panel deformed so that it had a maximum at the centerline, minima at X/w;;;;. .:±:0.40, and another maximum at X/w;;;;. values of e .u-are negative ahead of the notch with a maximum measured value approaching -2%. The shear strain is antisynunetric about the X axis, extending along two lobes at ~45 deg, with maximum and minimum values of + 3% and -3% just ahead of the hole diameter. Similar to eyy, the estimated values for Bxy decrease slowly along the lobes of maximum shear stress. Furthermore, foc all specimens the regions of highest shear strain are circular in shape, a trend that is generally consistent with the expected plane stress conditions on the free surface.
Concluding Remarks
Results presented for both large measurement areas and small local regions near geometric discontinuities clearly demonstrate that both local and global deformations can be determined simultaneously using independent optical arrangements that are designed for appropriate spatial and deformation resolution requirements.
The global load-displacement response shown in Fig. 7 is nearly linear for loadings up to approximately 90, 120, and 150 kN for the 305-, 610-, and 1016-nun panels, respectively. In each case, significant out-of-plane deformations and complex nonlinear behavior occurred well before any appreciable nonlinearity is observed in the global response. Since the highly localized, large deformations that occur near the notch will strongly influence the behavior of flaws in structural applications, the 3-D experimental measurements in these regions provide essential validation data for analytical tools.
Since 3-D stereovision measurement systems quantitatively determine the positions in space of smaU subregions, without regard for the complexity of the overall deformation field, these systems are ideally suited for complicated, highly nonlinear, structural response conditions.
Though the focus in this effort is on the acquisition of full-field measurements prior to crack extension to simplify the comparison to field-effect predictions, the 3-D digital image correlation (DIC) method is equally capable of making full-field measurements throughout the stable tearing process.
